Uber die Wirkung von Ultraschall auf Kolloiderscheinungen. 
IX-Mitteilung”: Das Verhalten der Fliissigkeiten im Ultraschall- 
feld in Abhangigkeit ihrer Viskositaten. 


Von Haruhiko OKUYAMA. 


(Eingegangen am 31. August 1943.) 


(1) Einleitung. 

Infolge der kleinen Absorption oder grossen Durchlassigkeit, ist die 
chemische bzw. kolloidwissenschaftliche Wirkung von Ultraschall meistens 
in fliissigen Medien bearbeitet worden.’*) Um die fliissige Probe mit Ultra- 
schall zu beschallen, mit Ausnahme ganz spezieller Falle,@) wird sie in 
ein Gefass im Ultraschallfeld, welches in einem Olbad entstanden ist, 
gebracht. 

Dann miissen die Schallwellen, welche von einer Quarzplatte oder 
anderen Oszillatoren ausgegangen sind, bevor sie die Probefliissigkeiten 
erreichen durch ein Olbad unbestimmter Tiefe und durch die Gefaisswand 
gon verschiedener Dicke, Form und Material hindurchgehen, 

Mit anderen Worten, der Ultraschall muss, bevor er die beschallende 
Probe erreicht, zuerst zwei andere Substanzen, namentlich Olbad und 
Gefissmaterial und zwei Grenzflachen unbestimmter Formen, d.h. Aussen- 
und Innenwand des Gefasses hindurchgehen. 

Dann ist es ohne weiteres verstandlich, dass die Absorption, Reflexion, 
Refraktion, Diffraktion und andere schallphysikalischen Probleme parallel 
den chemischen sowie kolloidwissenschaftlichen Wirkungseffekten beriick- 
sichtigt werden miissen. Da die ganz gleichen Umstande in Probefliissig- 
keiten wieder zu beriicksichtigen sind, werden die Wirkungsweise und 
Effekte des Ultraschalls auf fliissigen Proben recht komplizierter Natur, 
woriiber eine griindliche und systematische Untersuchung von neuem 
erwiinscht wird.“ Der erste Schritt wird mit nachstehendem Versuch 
unter besonderer Beriicksichtigung ihrer Viskositaiten unternommen. 


(1) N. Sata, Kolloid-Z., 71(1935), 48; N. Sata und S. Watanabe, Kolloid-Z., 
73(1935), 50; 78(1937), 277; 81(1937), 182; N. Sata und Y. Niwase, Kolloid-Z., 
81(1937), 294; N. Sata und N. Naruse, Kolloid-Z., 86(1939), 102; 89(1939), 341; 
N. Sata, 87(1939), 185; 88(1939), 182; N. Sata und Y. Harisaki, dieses Bulletin, 
15(1940), 180; N. Sata und K. Nakasima, dieses Bulletin, 18(1943), 220. 

(2) N. Sata, “Kagaku-Zikkengaku”, Bd. IV, S. 290, Tokyo (1942). 
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(2) Uber die Ultraschallkavitation und Ober flachenerscheinungen 
reiner Flussigkeiten in Abhangigkeit ihrer Viskosititen. 


Der wichtigste Faktor der Ultraschallwirkung in Fliissigkeiten, 
chemisch sowie kolloidwissenschaftlich, ist die Kavitation.© 

Qualitativ oder anscheinend ist sie leicht erkennbar durch die 
eigentiimliche Blasenbildung in den im Schallfeld gestellten Fliissig- 
keiten, aber quantitativ wird noch kein Aufshluss dariiber gegeben. Um 
das Kavitationsverhalten zu systematisieren, habe ich zuerst diese Er- 
scheinung in Fliissigkeiten verschiedener Viskositaiten vergleichend 
beobachtet. Die Versuchsbedingung ist folgende. 10cc von jeder 
Fliissigkeit wurde in den Reagenzglasern méglichst gleicher Qualitaét aus 
Hartglas“ mit 17mm Innendurchmesser, 0.6mm Dicke™ und 250 mm 
Lange einpipettiert. 

Man bringt dieses Reagenzglas ins Ultraschallfeld und verstarkt 
allmahlich seine Intensitat. Die Schallquelle ist ein piezoelektrischer 
Generator mit Quarzoszillator von 450 kHz."*) Bei bestimmter Intensitit 
lisst sich in der Fliissigkeit die Ausscheidung zahlreicher Blischen 
erkennen, wodurch das Eintreten der Kavitation nachzuweisen ist, 

Es scheint, dass diese Blasenbildung wie die des Siedens, anfangs 
einen merklichen Widerstand zu iiberwinden hat. So stimmt die Grenz- 
intensitit des Kavitationsbeginns nicht immer reproduzierbar iiberein, 
wenn man den Versuch der Schallintensitat in zunehmender Richtung 
durchfiihrt. Durch einige Vorversuche habe ich gefunden, dass, wenn 
man umgekehrt, in der Richtung abnehmender Intensitat, die Grenz- 
bedingung des Aufhérens der Blasenbildung sucht, sich die Grenz- 
intensitit sehr bequem und exakt reproduzierbar feststellen laisst. So 
habe ich durch Regulieren des Erhitzungsstroms der Gleichrichterréhren 
bei ca 75% voller Leistung, die Spannung des sekundiren Kreises des 
Generators bei 1100 Volt fixiert und die Intensitét mit dem Drehkonden- 
sator abgelesen. Also bringe ich eine Probe im Schallfeld geniigender 
Intensitat in lebhafte Kavitationsblasenbildung, wonach der Drehkonden- 
sator vorsichtig zuriickgedreht wird. Dadurch wird die Stelle, wo die 
Blasenbildung gerade aufhért, gesucht. Die Kondensatorablesung an 
dieser Stelle habe ich als Kavitationsgrenze aufgenommen, die recht be- 
friedigend reproduzierbare Werte ergibt. Die Beobachtung der Kavita- 
tionserscheinung wurde im Dunkelzimmer unter Anwendung eines Bogen- 
lichts ausgefiihrt. Tabelle 1. stellen die Ergebnisse dar. 


(5) Loe. cit. “Kagaku-Zikkengaku”, S. 302; “Handbuch der Physik”, Bd. VII, 
S. 18, Berlin (1927). 

(6) N. Sata, Kolloid-Z., 71(1935), 49. 

(7) Schalleffekt ist ausser der Wanddicke von der Gefassform stark abhangig 
(N. Sata und Nakasima, dieses Bulletin, 18(1943), 205). Als bestes Unterscheidungs- 
merkmal haben wir den thermischen Effekt aufgenommen, woriiber in nachster Mittei- 
lung eingehend berichtet wird. 

(8) Loc. cit. “Kagaku-Zikkengaku”, S. 295. 
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Tabelle 1. 


Kapazitat** bei der 
- Obert Kavitationsgrenze 
elative erflachen ——~-————_. - 
Visko- spannung Blasen- Blasen- aetna al 
” bildung bildung 
sitat* (30°C) in an 
Fliissig- Gefiass- 
keit boden 
85 85 Nebelung*** 
80 80 Nebelung 
80 80 Nebelung 
65 65 Nebelung 
90 90 Nebelung 
60 60 Nebelung 
Athylalkohol 56.0 60 60 Nebelung 
Brombenzol 59.0 50 Nebelung 
Essigsaure 63.0 26. 25 Fontane 
Nitrobenzol 95.3 2.6 60 Fontane 
Benzilalkohol 190.0 38. 55 Fontiane 
n-Oktylalkohol 400.0 3.6 70 Fontane 
Glyzerin 4100.0 32.8 -- - oe 


Fliissigkeit 
zustand 


Azeton 20.0 
Chloroform 29.0 
Benzol 31.0 
Amylazetat 43.0 
Wasser 44.5 
Tetrachlorkohlenstoff 48.0 
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Relative Viskositat: Ausgedriickt mit “-Verhaltnis der Viskositat des 
Wassers bei 0°C (International Critical Tables, Bd. VII, S. 211, New 
York and London (1930)). 
Kapazitat: Sie ergibt die Kondensatorablesung bei der Kavitationsgrenze. 
Nach der Natur der Fliissigkeiten geht die Blasenbildung der Kavitation 
entweder im Innern der Fliissigkeit vor sich oder vom Gefassboden aus. 
* Nebelung: Wenn die Schallintensitat eine bestimmte Grenze tiberschreitet, 
so findet an der Oberflache einer Gruppe der Fliissigkeiten die Fliissig- 
keitsdispergierung statt, d.h. die Nebelbildung ist erkennbar. 


(3) Der Versuch an Flissigkeitsgemischen verschiedener Viskosititen. 

Durch obenausgefiihrten Versuch wurde gezeigt, dass zur Kavita- 
tionserscheinung die Viskositat die wichtigste Rolle spielt. Um das 
Verhalten noch eingehender zu untersuchen, wurde der Versuch erweitert 
an den Fliissigkeitsgemischen verschiedener Natur und Viskositiaten. 

Aufgenommene Fliissigkeitspaare und ihre physikalischen Eigen- 
schaften sind in Tabelle 2 zusammengestellt. Die Versuchsergebnisse 
sind in Tabelle 3-6 ersichtlich. 


Tabelle 2. 


Fliissigkeits- Relative Spezifisches 
paar Viskositat Gewicht 
Glyzerin 93.0 1.221 
Wasser 1.00 0.996 
Rizinus6l 491.0 0.957 
Athylalkohol 1.18 0.796 
Olivendél 119.2 0.923 
Petrolbenzin 0.53 0.708 
Paraffinél 12.43 0.876 
Petrolbenzin 0.53 0.708 
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Tabelle 3. (Glyzerin— Wasser). 
™ a 
Volum % Relative* Fa ven _ Pence Mtoe 
—_—— : pane mittlerer hdéherer 
. e a und die Stelle, wo te ag 
Glyzelin Wasser Viskositat TK avitation beginnt Intensitat Intensitat 
(1100 V) (1600 V) 
100 0 93.000 — - — 
90 10 41.300 — — wenig erhoben 
80 20 24.200 — “= Erhoben 
70 30 10.950 23 am Gefassboden —- Fontane 
60 4 6.230 40 in Fliissigkeit wenig erhoben Fontane 
50 50 4.530 45 in Fliissigkeit Erhoben max. Fontane 
40 60 3.340 45 in Fliissigkeit Fontane Fontane 
30 70 2.170 60 in Fliissigkeit Fontane Fontane 
20 89 1.780 60 in Fliissigkeit Fontane Fontane 
10 90 1.400 75 in Fliissigkeit max. Fontane Nebelung 
0 100 1.000 90 in Fliissigkeit Nebelung Nebelung 


* Die Viskositat ist hier auf denen des Wassers bei 30°C. als Einheit bezogen. 

** Nach der Schallintensitat und der Natur der Fliissigkeiten, spritzt ihre Oberflache 
wie Fontane oder dispergiert direkt und Nebelbildung ist zu erkennen. 1100 Volt entspricht 
dem Gebiet mittelmassiger Intensitat und 1600 Volt dem der héheren Intensitat mit unserem 





Generator. 
Tabelle 4. (Rizinusél—Athylalkohol). 
Kapazitiat bei Oberflachenzustand bei 
Volum % : cae — 
: Relative hen eg = en mittlerer hdherer 
Rizinus Alkohol Viskositat aad ?. Intensitat Intensitat 
Kavitation beginnt (1100 V) (1600 V) 
100 0 491.000 25 am Gefassboden wenig erhoben Fontane 
90 10 176.000 30 am Gefassboden Fontane Fontane 
80 20 52.000 35 am Gefassboden Fontane Fontane 
70 30 28.400 35 am Gefassboden Fontane Fontane 
60 40 17.000 40 am Gefassboden Fontane max. Fontane 
50 50 12.000 40 am Gefassboden Fontane Fontane 
40 60 6.440 45 am Gefassboden max. Fontane Fontane 
50 in Fliissigkeit und . 
20 80 2.320 am Gefissboden Fontine Nebelung 
0 100 1.180 60 in Fliissigkeit Nebelung Nebelung 
Tabelle 5. (Olivenél—Petrolbenzin). 
Volum % Kapazitat bei Oberflachenzustand bei 
—_———_“ Relative Kavitationsgrenze ‘ttl hah 
- .» Petrol- : a und die Stelle, wo mittlerer Onerer 
Olivendl : Viskositat hm : Intensitat Intensitat 
benzin Kavitation beginnt (1100 V) (1600 V) 
100 0 119.200 25 am Gefassboden — Erhoben 
90 10 60.200 35 am Gefiassboden Erhoben Fontane 
80 20 35.100 40 am Gefassboden Fontane Fontane 
70 30 21.900 45 am Gefassboden Fontane Fontane 
60 40 11.200 45 am Gefassboden Fontane max. Fontane 
50 50 6.250 50 am Gefiissboden Fontane Fontine 
40 60 3.490 55 am Gefassboden max. Fontane Fontane 
20 80 2.030 60 am Gefassboden Fontiine Nebelung 
0 100 0.534 80 in Fliissigkeit Nebelung Nebelung 
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Tabelle 6. (Paraffinél—Petrolbenzin). 


Oberflachenzustand bei 


Volum % mines a = mene bei PR nite ie 2 atta 
— ——. elative avitationsgrenze ealttioser bihever 
final —henzin Viskositit ’avitation beginne _‘Intensitat Intensitst 
100 0 12.430 40 am Gefassboden Fontane max. Fontane 
95 5 9.120 40 am Gefassboden Fontane Fontane 
90 10 6.630 40 am Gefassboden max. Fontane Fontane 
80 20 4.310 40 am Gefissboden Fontane Fontane 
70 30 2.860 50 am Gefassboden Fontaine Fontaine 
60 40 -- 65 am Gefassboden Fontiane Nebelung 
50 50 1.472 — Fontaine Nebelung 
40 60 — 75 am Gefassboden Nebelung Nebelung 
30 70 0.794 — Nebelung Nebelung 
20 80 _ 60 in Fliissigkeit Nebelung Nebelung 
0 100 0.534 80 in Fliissigkeit Nebelung Nebelung 


(4) Erérterung. 

(a) Uber die Kavitation: In einer Fiiissigkeit, die in einem 
Gefass gehalten wird, tritt im Ultraschallfeld geeigneter Intensitat die 
Kavitation auf, dessen Grenzbedingungen nach der Natur der Fliissigkeiten 
sehr verschieden sind. Wenn die Kavitationsblasenbildung hauptsachlich 
mit innerer Zerspaltung oder Zerreissung der Fliissigkeiten zu tun hat, 
musste die Viskositat in erster Linie davon abhiangig sein. Dass die 
Grenzschallintensitat zum Kavitationsbeginn mit zunehmender Viskositat 
grosser wird, ist aus der Tabelle 1 leicht ersichtlich. In der Fliissigkeit 
mit sehr grosser Viskositat, wie z.B. in verschiedenen Olen, tritt die 
Kavitation auch auf, wenn die Schallintensitat geniigend stark ist. Nur 
in Glyzerin konnte ich niemals die Kavitationsblasenbildung nachweisen. 
Ob die Leistung unseres Generators dafiir nicht ausreichend ist oder ob 
es mit den speziellen Eigenschaften des Glyzerins zu tun hat, konnte noch 
nicht geklart werden. Es sei hier wieder betont, dass die Kavitations- 
blasenbildung wie das Sieden, einen miassigen Widerstand erleidet, was 
durch den Versuch der Intensitét in zunehmender und abnehmender 
Richtung zu erkennen ist. Die Kavitationserscheinung ist nach der 
Viskositat der Fliissigkeiten in Einzelheiten recht verschieden. Es wurde 
deutlich unterscheidend beobachtet, dass die Kavitationsblasenbildung in 
zahen Fliissigkeiten vom Gefassboden an der Glaswand beginnt, wahrend 
in den Fliissigkeiten kleinerer Viskositaéten die Blasenbildung im ganzen 
Teil der Fliissigkeit zu erkennen ist. Die Grenzviskositiat liegt, in meinem 
Versuch, bei ungefahr dem doppelt grossen Wert der Viskositaét des 
Wassers. Mit der Kavitationserscheinung scheint ausser der Viskositat 
noch die Affinitat zwischen Fliissigkeit und Gefassmaterial (Glas) auch 
zu tun zu haben, woriiber ich in anderen Gelegenheit eingehend mich 
beschaftigen méchte. 


(b) Uber Fliissigkeitsfontine wnd Nebelbildung: Die Kavitation 
ist, wie obenerwahnt, die Ultraschallerscheinung, welche in der Fliissig- 
keit oder an der Grenzfliche Fliissigkeit/Glas zur Beobachtung kommt. 
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Andererseits wird an der Grenzflaiche Fliissigkeit/Luft, d.h. an der 
Oberflache durch Schalldruck eine eigentiimliche Erscheinung erkannt. 
Nun, wenn die Schallintensitét noch nicht so stark ist, dass in der 
Fliissigkeit die Kavitation gerade beginnt, wird die Fliissigkeitsoberflache 
nur herumgeschleudert und ein wenig erhoben. 

Mit zunehmender Intensitaét aber wird die Fliissigkeitsoberflache nach 
und nach erhoben und endlich wie eine Fontaine herausgesprudelt, welcher 
als Olsprudel oder -fontane wohlbekannt ist. 

Dieses Verhalten der Fliissigkeitsoberflache ist auch nach der Vis- 
kositaét sehr verschieden. Wie in der Tabelle 1 (Spalte 6) ersichtlich ist, 
tritt die Fontanebildung nur bei den Fliissigkeiten geeigneter Viskositaten 
ein. Die Fliissigkeit niedrigerer Viskositat wird oberflachlich dispergiert, 
und es findet keine hohe Fontane, sondern die Nebelbildung statt. In 
derselben Fliissigkeit wird die Fontanehéhe mit zunehmender Schallinten- 
sitét selbstverstandlich héher. Aber im Schallfeld bestimmter Intensitat, 
erreicht die Fontinehéhe mit einer Fliissigkeit geeigneter Viskositat ein 
Maximum. Namlich in Fliissigkeiten mit nicht geniigender Viskositat, tritt 
die Nebelung statt der Fontanebildung ein. Hingegen, wenn die Fliissigkeit 
zu visk6s, so ist die Intensitaét angewendeten Ultraschalls nicht hinreichend 
genug, um die Fontaine zu bilden. Hier muss besonders darauf auf- 
merksam gemacht werden, dass das Wasser einen Ausnahmefall darstellt. 
Im Wasser ist die Fontanebildung verhaltnismassig schwieriger, wahrend 
die Blasenbildung sehr stark ist, was auf seine Spezialeigenschaften 
betreffend der Luftléslichkeit, Oberflachenspannung, Viskositaét, Warme- 


kapazitaét usw. zuriickzufiihren ist. Mit anderen Fliissigkeiten, stimmt 
die Schallintensitat, welche das Fontiane- bzw. Nebelungsmaximum her- 
vorruft, bei bestimmtem Viskositaétswert iiberein, unabhangig sonstiger 
Eigenschaften der Fliissigkeiten. (In den Tabellen 3-6 mit Unterstrich 
bezeichnet.) Es ist auch bemerkenswert dass die Oberflachenspannung 
der Fliissigkeit scheint zur Nebelung bzw. Fontine keine besondere 
Bedeutung zu haben (S. Tabelle 1, Spalte 3). 


(c) Schlussbemerkung: Mit diesem Versuch habe ich in Erfahren 
gebracht, dass z.B, von der Kavitation, die von Anfang an als Ultraschall- 
erscheinungen bekannt war, sich noch kein quantitativer Aufschluss 
ergibt. So setzt sich die Blasenbildung der Kavitation, die nie aufgehoért 
hat unter fortgesetzter Beschallung an allen Fliissigkeiten, ganz un- 
abhingig ihrer Luftléslichkeiten, immer weiter sehr glatt fort, wenn nur 
die Schallintensitaét geniigend ist. 

Bei plétzlichem Abschalten des Schalls, verschwinden die Kavita- 
tionsblasen nicht sofort vollstandig, wie es aus der sogenannten Dekavita- 
tionserscheinung”® zu erwarten ist. Das bringt uns die Vermutung nahe, 
dass die Ultraschallkavitation in Fliissigkeiten keine so einfache Erschei- 
nung zu sein scheint, die aus der Rayleighschen Theorie“ rein physiko- 
mathematisch zu erklaren ist, woriiber wir noch weitere systematische 
Untersuchungen fortzusetzen beabsichtigen. 

(9) Loe. cit. “Kagaku-Zikkengaku”, S. 300. 
(10) Loe. cit. “Kagaku-Zikkengaku’’, S. 302. 
(11) Lord Rayleigh, Phil. Mag., 34(1917), 94. 





Uber die Wirkung von Ultraschall auf Kolloiderscheinungen. 


Zusammenfassung. 


(1) Es wurde der Versuch unternommen, die Ultraschallerschei- 
nungen in Fliissigkeiten systematisch zu untersuchen. 

(2) Wenn eine Fliissigkeit mit Ultraschall beschallt wird, tritt in 
ihr die Blasenbildung auf, wegen Kavitation, wahrend ihrer Oberfliche 
wegen Schalldruck, Fontaine oder Nebelung erkennen lisst. 


(3) Die Grenzbedingungen zur Kavitationsblasenbildung und Fon- 
tinebildung oder Nebelung in verschiedenen Fliissigkeiten und Fliissig- 
keitsgemischen untersucht. 

(4) Es wurde geklart, dass sie mit den Viskositaten der Fliissig- 
keiten in engstem Zusammenhang stehen. 

(5) Die Kavitationsblasenbildung laisst sich, mit Ausnahme von 
Glyzerin (vielleicht wegen seiner zu grossen Viskositaét), entweder in 
Fliissigkeit oder an Grenzflache ,,Glas/Fliissigkeit‘“’ erkennen, nach der 
Natur der Fliissigkeiten. 

(6) Wenn die Schallintensitait eine bestimmte Grenze iiberschreitet, 
tritt auf der Fliissigkeitsoberfliche die Fontaéne oder Nebelung auf, nach 
der Viskositit. 

(7) Es wurde dadurch gezeigt, dass die Ultraschallerscheinungen 
in Fliissigkeiten von recht komplizierten Mechanismen sind, woriiber nicht 
nur die physikalischen Eigenschaften der Fliissigkeiten, sondern die 
Materialien und Formen des Gefisses auch stark abhangig sind. 


Herrn Prof. Dr. N. Sata spreche ich an dieser Stelle meine herzlichsten 
Dank aus, fiir seine stets liebenswiirdige Anregung und Unterstiitzung. 
Diese Forschung wurde zum Teil auf Kosten der Ausgaben des Unter- 
richtsministeriums fiir wissenschaftliche Forschung ausgefiihrt. 


Chemisches Institut der Kaiserlichen Universitét zu Osaka und 
Siomi-Institut fiir physikalische und chemische Forschung. 
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Introduction. In the previous. paper”), we have called attention to 
the fact that the vital importance of the study of hydrocarbon conversion, 
especially of isomerization, alkylation and aromatization processes etc., 
must be borne in mind in the field of liquid fuel synthesis; furthermore 
the vital significance of the investigation of the isomerization reaction not 
only from the industrial point of view but also from the view of theoretical 
research should be realized due to the fact that the isomerization reaction 
which may be utilized for the study of intramolecular rearrangement 
occurring for the variable factors which influence the reaction can easily 
be reduced to the minimum. 

This paper is a similar investigation to Part I of this series, and 
is concerned with the thermodynamical calculations and discussions for 
the unsaturated hydrocarbons with special reference to the isomerization 
reactions. The procedure of the calculation is similar to the first report. 
We have derived simple free energy equations as a function of temper- 
ature for some eighty isomerization reactions of unsaturated hydro- 
carbons (C,—Cs) and calculated AF’s at 0°, 25°, 100°, 200° and 300°C. 
Table 1 shows the free energy equations as a function of temperature, 
and compiles AF’s as calculated by our derived equations. 








Discussion of the Results. As we have already stated in the previous 
paper’, the magnitude of AF’s of isomerization reactions is small as 
compared with those of ordinary chemical reactions. This is also found 
true in the case of unsaturated hydrocarbons. It is also found that, the 
lower the temperature, thermodynamically the more favourable the 
reaction is. As observed in the table, the majority of the reactions as 
written is found to be thermodynamically favourable, in all the range 
from 0°-300°C, except a few, changing the sign of AF’s at certain 
temperature. Some thirty reactions as written have been found to be 
positive AF, i.e. thermodynamically not favourable, as in the case of 
2-methyl-2-butede=2-methyl-1-butene, i.e., the shift of the position of a 
double bond from 2 to 1. Similarly with 2-methy]-2-butene=3-methy]l-1- 
butene and 2-methyl-1-butene=3-methyl-1-butene, involving the shift of 
the position of a methyl group from 2 to 3 position. 









2-methyl-2-butene = 2-trans-pentene 
2-methyl-2-butene = 2-cis-pentene 








2-methyl-1-butene = 2-trans-pentene 
2-methyl-1-butene = 2-cis-pentene 





S. Hamai, this Bulletin, 18(1943), 376. 
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As already mentioned, all of these reactions which show positive AF 
(0°-300°C.), are, with a few exceptions, the more favourable the higher 
the temperature. Besides these, those which change the sign of AF 
in this range also have been found to be the more favourable when the 
temperature is higher. 


3,3-dimethyl-1-butene = { 3-methyl-1-pentene 
) 4-methyl-1-pentene 


3,3-dimethyl-1-butene = j 3-cis-hexene 
) 2-cis-hexene 


Those reactions which are favoured thermodynamically are some thirty- 
six reactions (0°-300C.°). However, even if the reactions are not thermo- 
dynamically possible, it should be remembered that this does not mean 
there are no reactions, but the thermodynamical possibility only indicates 
that the reactions proceed to “Conveniently Usable Extent” and no more. 
But in such a case it is safe to state that a search for the catalyst for 
such an unfavourable reaction is useless and meaningless. Examining 
these isomerization reactions closely, we may be able to classify them 
into, at least, four types, i.e., those which involve merely a double bond 
shift, as 2-methyl-2-butene=2-methyl-l-butene; those which involve the 
shift of methyl or ethyl radical as 2-methyl-1-butene=3-methy]-1-butene ; 
those which involve both the double bond and the radical shift as 2-methyl- 
2-butene=3-methyl-1-butene; and those which involve the transformation 
or structural change of trans-cis-forms as 2-methyl-2-butene=2-trans- 
pentene. Furthermore, they may be classified into such changes as those 
in which the carbon-carbod bond, the carbon-hydrogen bond or both 
bonds are responsible for these isomerization reactions. As regards the 
effect of catalysts on the isomerization reactions, these will be referred 
to as carbon-carbon or carbon-hydrogen isomerization catalysts. 

As already concluded in the case of the saturated hydrocarbons, the 
structure which is more complicated and branched seems to be thermo- 
dynamically favourable; and moreover those structures which have a 
double bond at the inner part rather than outer position seem to be 
thermodynamically favourable. These general trends are very fortunate 
for us, for these types of structure have been found to give a superior 
quality of liquid fuel as far as octane values are concerned). 

We have so far presented some correlations of the structure with 
respect to the thermodynamical possibility; however, it is not necessary 
to take up here every one of them, because they are self-obvious if we 
examine the table. Hence we shall not mention it any further. Lastly 
we shall also indicate that Rossini’s conclusion that the isomeric form 
is thermodynamically more stable than the normal form is amply sup- 
ported by our calculations. 





(2) J. Inst, Petroleum Tech., April No. (1941); Yamamoto, Petroleum Bulletin 
(Japan), (1942) 327. 
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Hydrocarbon Conversion 


Summary. 


(1) For the discussion of the general trend of isomerization reac- 
tions of unsaturated hydrocarbons, the free energy equations as a func- 
tion of temperature, convenient for practical calculations, are derived, 
based on some of the more recent data available. 

(2) With the aid of these simple free energy equations, AF’s at 
0°, 25°, 100°, 200° and 300°C. are computed and tabulated. 

(3) Some correlations in connection with these thermodynamical 
calculations for isomerization reactions are presented. 

(4) In general, isomerization reactions of hydrocarbons with a 
few exceptions are favoured thermodynamically at a lower temperature, 
as found in the case of saturated hydrocarbons. 

(5) <As we have already stated in the case of saturated hydro- 
carbons, isomerization reactions from those of simpler structure to the 
more complicated and branched are favoured thermodynamically, more 
or less, at a lower temperature. 

(6) As in the case of saturated hydrocarbons, the conclusion given 
by Rossini that isomeric form is more stable than the normal form is 
also found to be reasonable, as far as our calculation indicates. 


In conclusion, the present author expresses his hearty thanks to 
Dr. T. Marusawa, Former Director, and to Dr. S. Sato, Director of the 


institute, for their interests and constant encouragement in carrying out 
this investigation and for the permission for this publication. Also the 
author takes this occasion to extend his thanks to Dr. R. Negishi who 
had been willing to participate in a discussion as the opportunity demanded 
in the preparation of this paper. 
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Studies on the Equilibrium between Dilute Solution and Solute 
Vapour. I. Measurement of the Condensation Coefficient (a) 
of Solute Vapour at the Liquid Surface of Solvents, 

































By Ituro UHARA. 


(Received July 23, 1943.) 


Part I. Experimental. 


(1) Introduction. When a solute(S) is dissolved in a solvent(L), 
Henry’s law, C/p=constant = K, holds between the concentration of S in 
solution (C mol./l.) and the partial pressure of S (p mm. Hg) when the 
solution is dilute. Though K is an important constant which determines 
solubility (for small solubility, solubility = Kp,, where p, is the vapour 
pressure of pure S) and the partial pressure, it is not deduced thermo- 
dynamically. In the kinetic derivation of K which will be stated later, 
the knowledge of the condensation coefficient (a) of S at the liquid surface 
of L, in other words, the fraction of dissolving S molecules which have 
collided with the surface must be obtained. It has been vaguely believed 
that, when gas or vapour is absorbed by liquid, the molecules colliding 
with the liquid surface are all dissolved because the dissolution of them 
is usually exothermic. Late Prof. S. Miyamoto, in his wide researches 
on the chemical absorption of gases (oxygen in sulphite solution etc.), 
considered that in colliding molecules, only those with more vertical 
velocity than a critical value can enter into liquid, instead of considering 
the effect of diffusion as usually believed. He obtained the value of 
order of 10°? for a, but the gases which were used being of atomospheric 
pressure, perhaps the effect of diffusion cannot be neglected, and then 
the real value of a may be still higher. 


(2) Method of measurement of the condensation coefficient (a). 
a can be determined by dividing the absorbed quantity of S which is 
analytically determined with the number of collisions of S molecules at 
the liquid surface, i.e. p (time of contact of S vapour and L) (area of 
interface) /\/2aMRT (see §5). Ordinary methods to measure the 
absorption velocity, however, give nothing but the diffusion velocity at 
the interface. To eliminate the effect of diffusion to obtain real value 
of a, p must be low and the liquid surface of the known area must be 
always kept fresh, and for this purpose the following simple method was 
deviced, which proved to be considerably satisfactory (Fig. 1, 2). 

(a) Source of low pressure vapour: to determine a of iodine, for 
example, three or four large bottles amounting 50-701. are connected, 
in which iodine was sublimed on the inner wall and the saturated solu- 
tion of iodine in L is introduced. These bottles are filled with saturated 

















(1) S. Miyamoto, this Bulletin, (1927-19382). 
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Apparatus for Measure- Thermometer 


ment of Absorption 

Velocity of I, Vap. 
by L. 

Solvent L 

Dry Air 


Glass Bottles contg. ~ ~--Vessel contg. 
sat. vap. of I, 


. -- ---Stirrer 


Vap. of L from sat. 
soln. of I,. AP ---~ Cock 
sublimed I, on wall 


of which vol. being 
10 1. 


20 1. 
i Glass Absorption tube 
J > to a vessel 
+--contg. NazS$20s 
soln. 


eta Seco Stream of L 
hoie 


Fig. 2. Absorption tube 


: and the stream. 
--- Reservoir D 


10 cm. 


Fig. 1. 


vapours of iodine and L when kept in a room of almost constant T. In 
other cases, dilute aqueous solutions of the known vapour pressure were 
used. p mm.Hg used: I. = 0.09-0.6 NH; = 0.8-1.0 HCl = 0.8-1.2 acetone 
= 0.4-0.5 CH;0H = 0.8-1.0 C.H;OH = 1.5-1.8 C;H,,0OH = 4.8-5.3. 

(b) Procedure: vapour is sent at the rate of 1-2.5 1./min. and 
the velocity of gas flow in the absorption tube (Fig. 1, 2, diameter 2—3 cm.) 
is the order of 10 cm./sec. even when turbulence is neglected. On opening 
the cock, L in D streams down from the point (A) of thin glass tube 
(the out-side is paraffined when polar L is used.) and enters in B. Under 
the experimental conditions suitably selected, this stream between A 
and B (Fig. 2) is cylindrical and its surface area is calculable on photo- 
graphic plate, and no bubble enters in B, liquid level being maintained 
at B (of which area is 1/10—1/7 of that of the surface of the stream). 
Diameter of stream=0.03-0.05cm., length=0.48-1.1cm., quantity of 
L streaming = 0.15 c.c./sec. or more, velocity of streaming L=1x10?cm./ 
sec. or more, time of contact with vapour flowing in the counter direction 
=0.5-0.8x10- sec., time of streaming L=2-5 min., usually 3 min. 

(c) Method of analysis: as the solution collected in the reservoir 
is very dilute (under 10° mol. in about 30c.c.) measured cases are 
limited. 
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Iodine: titrated with 1/300-1/1000 N sodium thiosulphate solution with micro- 
burette (calibrated thin glass tube). Iodine in non-polar L is titrated, starch as 
indicator, being shaken with concentrated potassium iodide solution. Iodine in the 
acid solution is titrated after extracting with carbon tetrachloride. In the case of 
polar L which hinders the iodine-starch reaction, the end point is determined from 
vanishing of yellow colour after shaking in a long test tube on adding iodide. (As 
for higher alcohols which are only partly miscible with water, ethanol is mixed to 
form homogeneous liquid.) Some L (toluene, heptane, decalin and amyl alcohol etc.) 
contain or yield minute quantity of substance which oxidizes iodide, hence the results 
of titration is entirely disturbed. This cannot be removed by ordinary methods of 
purification, but was removed completely by shaking with magnesium amalgam and 
distiliation. 

Hydrogen chloride: determined nephelometrically as silver chloride. When 
dissolved in benzene, it is determined after extraction with pure alkali). 

Ammonia: determined nephelometrically with a mixture of mercuric chloride, 
sodium chloride and lithium carbonate solution(?). 

Acetone: determined nephelometrically with mercuric cyanide complex solution‘). 

Methanol: oxidized with permanganate and the constant volume of the first 
distillate is collected and determined colorimetrically on adding Schiff’s reagent. 

Ethanol: after oxidation with chromic acid, treated analogously with methanol. 

Butanol and amyl alcohol: determined with an interferometer of Rayleigh-type. 
As for lower alcohols, the changes of refractive index on dissolving are too minute. 


(3) Were real values of a obtained by this method? Under the most 
unfavourable condition, it may be supposed, the surface of the stream may be occupied 
by same L molecules from A to B (Fig. 1, 2) and soon covered with mono-layer of 
S, which remains there in consequence of the small diffusion velocity in liquid and 
hinders further dissolution of vapour. The real conditions are as follows: 

(a) As the most favourable case for establishment of circumstances stated 
above, the case of dissolution of iodine in 0.05 N aqueous solution of potassium 
iodide is taken, in which very high value of a 13.5x10-* was obtained and the 
length of the stream was very long (1.1cm.). The time of contact with vapour 
between A and B is 0.64X10-? sec., and the total area of the stream exposed to 
vapour is 3.03105 sq. cm. If iodine molecules (radius 2.23 A) form closely 
packed mono-layer on this area, 3.00 x10-® mol. must exist, whereas iodine really 
dissolved was 5.15x10-7 mol., i.e. 17% of the mono-layer. In many cases, a is 
1/2-1/10 of this case. 

(b) In the Brownian motion, average squared displacement is expressed 


as x*=2 (diffusion coefficient) x (time). The values of “22 for iodine in ethanol 
and carbon bisulphide are 2.210 and 3.8x10-+ cm. respectively in 1/400 sec., 
hence dissolved iodine may not be fixed at the surface. 


(c) If iodine flows down into B in an adsorbed state at the liquid surface, 
the quantity of iodine measured is independent of the length(h) of the stream, 
consequently observed a must be reversely proportional to h, but as a matter of 
fact a is found to be independent of h. Furthermore, the time of adsorption is 
(2) Lamb, Carleton and Meldrum, J. Am. Chem. Soc., 43(1920), 251. 

(3) Grave, ibid. 37(1915), 1171. 
(4) Marriott, J. Biochem. 16(1913), 289. 
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Q 
expressed approximately by e#7/», (Q=heat of adsorption, »=—frequency of mole- 


cular vibration at the surface) and if Q is assumed 6 kcal./mol. at common 7, 
it is about 10-8 sec., accordingly S at the surface soon re-evaporates or dissolves, 
and the quantity which flows into B ‘in an intermediate state is indeed negligible. 
As about 1000-4000 iodine molecules impacts with the surface of (10 A)? width 
while the liquid passes between A and B in ca. 510-3 sec., (in which usually 
one or two molecules are dissolved) it is easily seen that the adsorption isotherm 
is attained very fast, and that @ in Langmuir’s adsorption isotherm is under 0.01, 
indicating the existence of almost clear liquid surface free from S with the 
facts stated in (a) and (b). Another evidence is that, if iodine flows down into 
B in an adsorbed state at the surface, a for alkali or potassium iodine solution 
must be smaller than that for water, because ions do not exist at the surface 
and reduce a, ($10) whereas the facts are entirely opposite. 

(d) As the flow velocity of vapour becomes lower, the diffusion velocity of 
S in the air near the liquid surface is less than the dissolution velocity, resulting 
in the decrease of a value. In our experimental condition, however, the flow 
velocity of vapour is far larger and the obtained value is independent of it, 
showing non-existence of the effect due to the diffusion in the air). 

(e) According to the Fresnel’s law of reflection, if the transition between 
air and the medium of refractive index nm is absolutely abrupt, the light is 
completely plane-polarized, when the angle of incidence is tan-! ». But if the 
transition is gradual, the light is elliptically polarized. As for the surface of 
water and various liquids, practically no or only slight ellipticity exists, showing 
that the transition layer is about one molecule thick, and that the interface of 
liquid and gas is quite sharp‘®). This is also concluded from the studies of 
surface film. In these experiments, the adsorption layer of air molecules at the 
surface is not found, though it is easily detectable if it really exists. That the 
difference of surface tension (¢) of water in vacuum and in the air is only 
barely observable shows the fact that the quantity of air molecules at the 
surface is far less than mono-layer. 

(f) There is no reliable evidence for the time change of ¢o of the newly 
formed surface of a pure liquid, and considering from the frequency of mole- 
cular motion in the liquid, it is estimated that the state of surface used in our 
measurements (1/500-1/100 sec. old) is the same as the normal one (for the 
case of solution, see §10 and 12). 


It may be concluded from the facts stated above that we obtained 
nearly real values of a free from the effects of diffusion of S in L and 
air, and from the effects of the adsorption layer of S and air at the liquid 
surface. 


(4) Results of measurements of a of some solutes (S) on various 
solvents (L). 


(5) For iodine vapour in the air, VY 22—ca.2x10- cm. in 1/400 sec. and mean 
free path=ca.10-5cm. The diffusion layer between reacting solid and liquid is ca. 10-% 
em. thick, and that between the stream of liquid and flowing gas may be far less 
than this. 

(6) Rayleigh, Phil. Mag. 33(1892), 1; Raman and Randas, ibid. 3(1927), 220. 

(7) As for the comparison with ordinary methods of gas absorption, see § 13. 
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x Benzene e Toluene 


¢ n-Hexane A Decalin 
© Cyclo-hexane 


! jo 430° 


Fig. 3. « of iodine on non-polar solvents. 


X Chlorobenzene 
e Carbon tetrachloride 


© Carbon disulphi’e 
4 Chloroform 


10° 


Fig. 4. « of iodine on some solvents. 
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¢ Fermentation iso-Amy] alcohol 
© Methanol x Ethanol 

e@ n-Buthanol 4 »-Propanol 
4 Acetone 


Fig. 5. « of ,iodine on alcohols. 


For cases (x) the temperatures 
given being those of hot water 
measured in D (Fig. 1), the real 
temperatures of water surface at 
the stream are lower, and these 
points may presumably come on 
the curve. Eq. of curve is given 
in § 14. 


Ww 


ae ee. ee ee 


Fig. 6. « of iodine on water. 





Table 1. 


L 


n-CeHis 
(CH), 
C,H, 
C,.H;CH; 
Decalin 
CCl, 
CHCl, 
C,.H;Cl 
CS, 
(CH;),CO 
C;H,,OH 
n-C,H,OH 
n-C;H;OH 
C.H,OH 
CH,;,0OH 
H:O 


L 
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S=I.. (Obtained from Fig. 3-6. For a on aqueous 
solution, see § 10, 11, 12, 13 and Fig. 8.) 


ax 104 


———_—_- ~~ 
25° 


6 

6.1 

6.8 

= 3.8 (32.7°) 
5.0 

2.8 

6.9 

5.0 


5.3 
3.2 
5.0 4.2 
5.2 4.1 
3.75 3.11 2.6 1.8 (40°) 


S = HCl 
= SO O0OCO0CC 
C,H, Decalin C,H-Cl C-H,OH H:O Node = 


24.1 26.1 30 28.2 28.4 29 
0.10 0.32 0.20 2.45 1.89 1.67 
Ss = N Hs 


C,H;CH; Decalin H.O re a4. 


I i 
15.4 30.2 30.0 29 15.0 


0.56 0.24 0.37 46 41 49.5 


S = Acetone S = CH,0H S = C,H,OH 


7_——_—_ae.—— kee 
C,H, C,H;CH; H,O H.O 
27.0 27.0 15.0 16.5 
5.2 3.3 4.2 6.3 5.9 


S = n-C,H,OH S = fermentation iso-C,H,,0H 
Decalin H.O CH, »(HOH HO 
31.2 30 31.3 32.0 30.0 
2.2 4.5 4.3 8.5 4.7 
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Part II. Theory of Equilibrium between Dilute Solution 
and Vapour of Solute. 












(5) Most simple Case (i). In the equilibrium of S vapour and its 
dilute solution, the dissolution velocity = a (the number of S molecules 


impacting with the liquid surface) = = mol./sq.cm./sec. The 
V 29 MRT ™ 







evaporation of S from the solution is treated gas-kinetically, as S in a 
dilute solution behaves like gas molecules as known from the studies on 
the Brownian motion and the dilute solution (discussed later). The 
number of S molecules with a component of velocity normal to the surface 
between uw and u+ du is, 













4,2 
no RT exp (— M’'u?/2RT) du/c.c. , 
where #)=the number of S molecules/c.c.=CN,/10* and M’=molecular 
weight of kinetic unit containing S, e.g. that of solvate. In (i) we 
consider the case in which the concentration near the surface is equal to 
that of bulk solution. The number of molecules of this range of speed 
arriving at the surface upwards is, 











M’ 
n / —— 4 eX M'u?/2RT ) du/sq.cm./sec. 
0 on RT p (— 
When the heat of dissolution of gaseous S in L or the heat of evaporation 
from the dilute solution (W). is put as follows: W kcal./mol. = 14 M’u,?, 
molecules having larger normal velocity than w can evaporate, hence the 
evaporation velocity is, 


Brel er, exp (- Aes ) du 


= Bim, Fr _ BC / RT . (-W 
= Rito) 5 ar exp(—T) = 10? ar M exp( ) mol. /sq.cm. see. 






(*; is the probability of evaporation of S molecule colliding with the sur- 
face with sufficient energy for evaporation.) By equating two velocities, 
we obtain, 














ap _ BC RT e~ WIRT (1’) 
V2rMRT  10°% 20M’ 








and Henry’s constant 





10° a ft eWiRT 
RT 8, 
R = 6.24 x 10‘ c.c. mm. Hg/degree (1) 


= (C/p)c.o mol./l.mm. Hg = 







/ 
Ostwald’s absorption coefficient = C/C, = 4, ar eWRT 
1 
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If. a solvate is not formed, M’ = M in (1). 

K in Table 1. is calculated from solubility data by the Margules’s 
formula, po = x (p of liquid iodine) exp {b(1—¥x)*}5 in which pp is the 
sublimation pressure of iodine and ;, is the solubility expressed in mol. 
fraction (a little different from solubility/po). 

As for a concentrated solution, especially when S is surface active, 
«a is different from that for pure L, accordingly K calculated from 
solubility in good solvents may give rise to some errors in further dis- 
cussion, the order of which can be estimated from data given in $10 
and 12. 


Table 2. Results of Calculation by Formula (1). (at 25°) 


Solute = I, 


Solvent Heat of 
I solution 

° of [1,] 
keal./mol. 


K mol./l._ 
mm.Hg 


W kcal. 
mol. 


Solubility 


mol./l. a x 104 B, 


0.18 
0.15 
0.69 
0.15 
0.56 


4.99 x 10-* ca. 5 

8.45 x 10- 
0.476 6.1 
0.593 6.8 
0.109 5 


0.152 
0.262 
1.48 
1.56 


0.319 


8.13 
—6.6* 8.3 
— 4.68 10.22 
—5.62* 9.28 


—5.60* 9.30 


—6.77 + 


n-( i H TT 
Cyclohexane 5.9 
C,H, 
C,H,CH, 


Decaline 


CHCl. 
CCl, 
C,H.Cl 


— 5.49 
— 5.78 


* 


—5.72 


9.41 
9.12 


9.18 


0.178 
0.117 


2.8 
5.0 
6.9 


0.22 
0.37 


0.235 


0.12-0.26 


0.814 5.0 
* means 0.30 


CS. —5.24-4.8 9.66-10.1 


Solute = Acetone 
Solvent Heat of mixing 
when solution W K 
is very dilute. 
(kcal. /mol. acetone) 


—0.30 7.41 


L aX 104 


Cole 0.050 5.2 (27°) 
C,,H.CH,, ca. 0 7.7 0.0235 3.3 (27°) 


Values with asterisk were calculated from solubility data measured by 


the author. 
Heat of sublimation of iodine at 25° = 14.9 kcal./mol. 


Note: 


(6) Case (ii) Vibration in. the solvate takes part in the evaporation 
of the solute. 


Table 3. S=lIe. 


Solubility 
mol./l. 


(at 25°) 


4 ‘ ax 104 Kmol./l.mm. 8, 


1.70 


0.707 


4.2 0.795 
4.1 


3.1 .o2 X 10-3 4.29 x 10-8 


4.8 


" C,H,OH 
CH,,0H 
HO 


KI, aq. 
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As /:1>1 means that more molecules evaporate than those striking 
the surface with sufficient energy for evaporation, it is apparently irra- 
tional. It cannot be attributed to the concentration increase due to the 
surface adsorption (discussed in $7 and 8), as is obvious from the 
following surface tension (co) measurements. 

L Pre .. a dyne/ o of L te Ge qyestem. 
mol./l. —_ dC mol./i. 
CH.,OH 0.50 23.44 22.58 25.6 +1.72 Dancaster (§) 
C,H.OH 0.80 22.50. 21.21 29.0 41.61 Author 


Though the change of o in water is not observed on account of low 
concentration, $; of the same order of magnitude in spite of large differ- 
ence from alcohols in W and solubility suggest this anomaly to be due to 
some analogous mechanism rather than adsorption. 

The formation of oxonium compounds of the type L.I. between 
iodine and L containing oxygen and giving brown colour on dissolving 
iodine is confirmed by the studies of the freezing-point of the mixtures 
of iodine and those L in inactive L, the effect of alcohol etc. on the 
solubility of iodine in non-polar L and of absorption of light etc.” 
Though iodine does not form solid hydrate as chlorife or bromine, the 
aqueous solution gives absorption spectrum analogous to an alcoholic 
solution suggesting compound formation. 

We consider that upward translational energy of solvate molecules 
as a whole and vibrational energy of two bonds between O and two I in 


is utilized for the evaporation of iodine. 
H . 
The number of molecules which come to the surface with sufficient 
energy for evaporation is as follows: 
. 1 1 
(a) Those for which 5 Mut > 5 Mus . 


M' —M'v? me RT ms 
MN onRT jm exp ( ORT du = roa] nM exp( a) (2a) 


(b) Those for which sult < 5 M'us and (5 M'u'+ either of two 
vibrational energies ) > 7M "ee 


“om a Ww Mut 
Mu mm aN ; 
2a Un om RT exp(— ORT ) du. exp( RT ) 


RT WwW Ww 
— - AP oe 2b 
""N nM’ RT exp( =) (2b) 


(8) Dancaster, J. Chem. Soc., 125(1924), 2036. 
(9) Gmelin, “Handbuch der anorganische Chemie”, Jod. System-Nr. 8, p. 125. 





— _ 


= 


AG Ee pate 
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(c) Those for which ly ‘u?+ either of two vibrational energies) <5 <- I ~M'W3 
and (5-M'u,+sum of two vibrational energies) > 3 M3 


Mu? 


ml Ed gi wom (— Mi) ( osn(— Bea 


xexp(— b So Be )jau = N ay ‘ Ae 7 )exp(—2r) . 


(2c) 
where £E, is one vibrational energy. 


When vibrational energy is used for evaporation, a factor 1/2 is 
multiplied as iodine can evaporate from I,-ROH only when iodine exists 
at the upside of ROH (or nearer to surface) in I,-ROH molecule. 
Gb), (2c)) _ RT e- WIRT 

2 


Then, evaporation velocity = f2{ (2a) + —— Beno on M! 
7. 


<M er + aCe) = orn aaa ae) 


K=- 10° a [eee W/RT (1+ 7 
RT 2.“ M ORT » 


a <_,/M ewer | /a+,% oP ' 


Plausible values of 6. which has an analogous meaning as /; are obtained 
by (2) as shown in Table 3. 

In the case of the aqueous solution of KI;, any two iodine atoms can 
evaporate as an iodine molecule, hence the evaporation in which vibra- 
tional energy in I; takes part must be twice faster than the above-men- 
tioned cases, ie. J. {(2a)+(2b)+(2c)}, accordingly solubility formula 
is a little different from (2) (see §11). 

Other Explanations of Abnormally High Values of /;. (a) In the 
solubility formula, y=exp(AS/R)exp(W/RT), the entropy increase on 
the evaporation of iodine is 11-14 E.U. for normal L, whereas 23.6, 24.4 
and 23.4 E.U. for ethanol, methanol and water respectively, indicating 
remarkably limited numbers of configurations in these L probably due to 
strong interaction. If the method of absolute reaction rate is applied, 


the evaporation velocity = te e-exp ( 1S*/R)exp(—W*/RT), (quantities 


h 
with * are those for transition state, taking the solution as standard), 
in which AS* may be abnormally large analogous with AS for an alcoholic 
and aqueous solution of iodine, giving rise to large evaporation velocity 
corresponding to higher values of /; in (1). 

(b) When we assume equilibrium, L + I. L.I,, in these solutions 
and assume that the heat of evaporation of free iodine is less than the 
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average value (W), i.e. (W—AW), the increase of evaporation velocity or 
6; is expected. As the heat of combination of iodine and various organic 
compounds containing oxygen in carbon tetrachloride, 3-4 kcal./mol. are 
obtained from the temperature dependence of equilibrium constant®®, 
but the energy difference of combined iodine and free iodine in alcohols 
may be less than these values. The maximum value of /, obtained from 
various ratios of free iodine is 5 when AW = 3. Compared with values 
in Table 3., this mechanism seems to be unable to cover the whole pheno- 
mena, though it may be effective to some extent especially when S exists 
in two states of large energy difference. 

(c) The probability that the reaction, I,+ H.O = H*++I-+ HIO, 
gives rise to the increase of a, accordingly that of calculated value of /; 
is denied by observations that an acid in water has no more effect on a 
of iodine than is expected from its ionic action. 


(7) Case (iii) Surface adsorption takes place and the heat of 
evaporation is not changed. Surface concentration of surface active sub- 
stances (especially in aqueous solution) is higher than that of bulk solution. 


If the excess amount, C (—) mol./sq.cm. is contained homogeneously 
in a layer 6cm. thick. the surface concentration is C+ RT ry -%), 


mol./l. In a dilute solution, do/de is constant and considering adsorption 
layer monomolecular as were often ascertained surface-chemically, 6 is 
calculated approximately as 6={M/ (density of S) Na}. Though it is re- 
ported sometimes that the adsorption is several times larger than is given 
by the Gibbs’s formula, 6 is also thicker than the monolayer in these cases, 
and concentration is not very different from what is given above. Errors 
due to approximation is negligible compared with that of exponential 
term in (3). If an adsorbed molecule has equal heat of evaporation and 
evaporates in the same manner as that in the solution, the rate of evapora- 


tion = 





AsC f 10° _ de ) / RT ,- WIRT — __ ap 
10° 1+ oA aE Qa’ © V2erMRT 





_— C 10° /M’ W/RT f 10° _ do | 
k= / e 1+ ( 5). 


p RTA’ M "RTS j’ 


(Henry’s law holds also in this case.) (3) 


Pe, ae 'M’ wwirr | § 10° (_ de ! 
a / M (1+ oe =A 











(10) Groh, Z. anorg. Chem., 162(1927), 287. 
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Table 4. L=H,0. (at 25°) 


HCl; formally applied to 
S Acetone H,0+ +Cl. Asa matter 
of fact, HCl takes part. 


6 em. 4.95 x10-§ 3.71 x 10-8 


__da dyne/em. 
dC mol.1. 


Cone. at surf. 
Cone. in soln. 


W kcal./mol. 10.09 17.3 

K mol./l./mm. Hg 0.047 2.1% 104 
ax 104 4.2 1.9 
B, @) 16.6 2.2 
Bs 0.34 0.8 


60.3 1.56 


50.1 2.70 


(8) Case (iv). Various factors act simultaneously. (a) The case 
of solvate formation and comparatively weak adsorption. In the case of 
ammonia in water, the evaporation velocity is expressed analogously as 
in the cases of iodine in alcohols in § 6, though the number of bonds used 
for evaporation is assumed one in NH;H.O. Adsorption is also taken 
into account, in which the sum of 6 of ammonia and water (6;) is assumed 
as the value of 6. 


Evaporation velocity = 8, ron! oh é ant . aap) 


( 10° da\ ) 
ly4 ul 
"7 week dC ye 


~ eo W \f 10° de\ ) 
K= / Wik? i( 1+ 1+ — ) 4 
RTA M ( eh metre | ac),5 “) 


Table 5. uu = H.0. (at 25°) 


S 3 CH,0H 
(d+dH)A 6.68 
—da/dC ’ 9.27 
Surface. conc. 

Bulk conc. 
W kcal./mol. 11.24 

K 0.302 

ax104 6.3 (15°) 


Assuming di- mono-hydrate 
7.32 29.7 24.2 


2.58 4.54 3.59 
0.32 0.43 0.34 


6.60 


* Only the effect of adsorption is considered. 


(11) Calculated by (1) neglecting surface adsorption. 
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(b) The case where a solvate is formed and the heat of evaporation 
is diminished by strong adsorption. 


Table 6. L=H.0. (at 25°) 


Ss CH,OH C.H,OH nCHOH POOR OH 2-CsHyOH 
oA 4.06 4.59 5.34 5.64 6.61 


—da/dC 9.27 28.7 250 800 2.39 x 104 
Surf. conc. 
Bulk conc. 
W kcal./mol. 11.24 12.88 15.94 16.7 23.6 


K 0.302 0.255 0.154 0.0936 
“x 104 6.3 (15°) 5.9 (15.5°) 4.5 (30°) 4.7 (30°) 


Assumed number 
of hydrated water 


2 1 3 1 1 1 1 
8, in (1) 29.7 24.2 494 399 6.82 x 104 1.13 x 10° 4.7410" 


A; in (3) 2.91 2.37 18.8 15.2 359 1970 3.24 x 10° 
Be in (4b) 0.145 0.119 0.828 0.670 12.9 67.5 7.94 x 104 


pi fery 0.16 0.12 0.33 0.39 0.52 


10.2 26.2 (1°) 190 573 1.46 x 104 


In Table 6, 6, calculated by formula (1) increases very rapidly with 
increasing C number (m) in alcohol, and exact linear relation holds 
between log /; and m, by which /,; of nonyl alcohol is obtained. Though 
adsorption is taken into consideration by formula (3), f3 are still far 
larger than unity, especially for higher alcohols. The compound forma- 
tion of lower alcohols with water is estimated from the volume or viscosity 
of a mixture and the heat of mixing etc. There may be two or three 
hydrogen bonds for one alcohol molecule and the position of surface- 
adsorbed alcohol molecule which contributes to 
the evaporation in a predominating degree may — R—— 0_—— water 
be as shown in Fig. 7, considering from surface “g® H Surface 
potential“* and o. 

If upward vibration only is effective for Ww 
evaporation of alcohol (§6) only one bond (1) WNT 
can be used, but bond (2) and another analog- ¥ > 
ous bond (3), if it exists, may have no effect on Fig. 7. 
the evaporation velocity. As surface-adsorbed 
alcohol probably lies always at the upside in the solvate molecule (except 
lower ones) vibrational energy of bond (1) may be always used, accord- 
ingly (1+W/RT) is taken instead of (1+W/2RT) in the formula of 
evaporation velocity (4a). 





(12) It is known from o determination that at the mol. fraction of alcohol about 
0.25, nearly close-packed mono-layer is formed at the surface of an aqueous solution. 
(Schofield and Rideal, Proc. Roy. Soc. (A), 109(1925), 61.) 

(13) Frumkin, Z. physik. Chem., 109(1924), 34. 
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10°24 M' eWiRT ° tie 10° _ de ) 
ka eS (a+ P+ak dC/r7) 


a M’ WRIT / (4 Ww fay 10° __ de | Ab 
cure i RTS ae — 


In the cases of lower alcohols, especially methanol, the molecule does 
not necessarily occupy the upper position in the solvate molecule, as the 
hydrophobic property of methyl radical is weak compared with higher 
alkyl. Methanol in water may probably be in an intermediate state of 
the two equilibriums expressed by (4a) and (4b). 

For aqueous solutions of alcohols, /, is more than normal value 
(under 1, or rather about 0.3) except for the lower alcohols, indicating 
that some factor besides adsorption and compound formation takes part 
in these phanomena. (If polymers or colloidal particles of higher alcohols 
exist in an aqueous solution / becomes still larger.) 

Alkyl radical has little affinity to water, and consequently shows 
the tendency to be squeezed out from water (Langmuir’s experiments). 
For slightly soluble aliphatic compound, the surface film is gaseous and 
the molecules move about separately and lie flat on the surface like rods, 
exposing the upper part in the air, the affinity of alkyl radical being 
satisfied by contact with water on one side only.“*) Langmuir” tried to 
calculate the heat of the solution by assuming that the interaction energy 
is determined mainly by short range force, and the arrangement of L 
molecules around one part of S molecule does not affect the other parts 
(this is more likely to be satisfied when L molecule is small compared 
with S molecule). Butler“ applied this to the calculation of W of 
organic compounds in water with success, assuming pseudo-crystalline 
tetrahedral arrangement of water. According to his results for alcohols, 
Cy,H2m410H, W of alkyl radical is (2m + 1) x 0.77, and that of OH is 8.92 
keal./mol. When one side of alkyl of alcohol molecules adsorbed at the 
surface is exposed in the air, the heat of hydration (or evaporation) is 
somewhat diminished, i.e. 

W’=(1-—6) x0.77x< (2m+1)+8.92 kcal./mol., where @ shows the degree 
of exposure of alkyl radical. Accordingly, the equilibrium of the vapour 
and the solution is expressed as follows; 


Bi a <e ewnr(14+— w+ 2 (— oa). ewnr(1 4+ ae —\\ 


Pod Cc -Z ie ke ap 


= BW OM 10 ~~ /2eMRT 


K= 


ar | r | 


—/|Z =o — 
M | 


RT B Be M/ 





(14) Adam, “The Physics and Chemistry of Surfaces,” Oxford (1930), 65. 
(15) Langmuir, Colloid Symposium Monograph, 3(1$25), 48. 
(16) Butler, Trans. Faraday Soc., 32(1936), 233. 
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As the consequence of high concentration and diminution of the heat 
of evaporation, W- W’=6x0.77x (2m+1), the influence of adsorbed mole- 
cules on the equilibrium is overwhelming. @ which makes /, 0.3 is given in 
Table 6. and this shows an increase as the hydrophobic alky] radical be- 
comes larger. 









Some Thermodynamical Consideration on Surface Adsorption. 


Chemical potential of S in solution=4).+RT inC 
that of S at the surface=m’+RT InC’. 

Taking the heat content of vapour as standard, we obtain in equilibrium, 
—W—TSo+ RT InC = —W’'—TSj+RTInC . 

RT InC'/C = #o—+, = adsorption potential = T(S;—So)—(W— W’) 









As alkyl radical itself has some affinity to water, the energy of an ausorbed 
molecule becomes higher than that when it is in solution as in the case 
(iv)b, (W-—W’)>0, (in the case (iii), W-—W’=0). But the increase 
in entropy term due to the increase of freedom of alkyl radical accom- 
panying the migration to the surface is more than this, and consequently 
surface adsorption takes place, C’>C. Strong adsorption, C’>C, means 
that S,)’>So, which is realized only when one part of a molecule is exposed 
out of the liquid, then necessarily W>W’. 










Summary. 










(1) The condensation coefficient (a) of iodine and other easily 
analysable vapours at the surface of various solvents were measured by 
newly deviced method. The orders of the magnitude of them are 10°~10~ 
at room temperature. 

(2) A solubility formula including a was derived kinetically, in 
which the effects of surface adsorption and compound formation were 
taken into considerations, and an explanation of the mechanism of evapo- 
ration and dissolution was tried by comparing with solubility data. 
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